Markers of oxidative stress and inflammation were analysed in the exhaled breath condensate (EBC) and urine samples of 14 workers (mean age 43 ± 7 years) exposed to iron oxide aerosol for an average of 10 ± 4 years and 14 controls (mean age 39 ± 4 years) by liquid chromatography-electrospray ionization-mass spectrometry/mass spectrometry (LC-ESI-MS/MS) after solid-phase extraction. Aerosol exposure in the workplace was measured by particle size spectrometers, a scanning mobility particle sizer (SMPS) and an aerodynamic particle sizer (APS), and by aerosol concentration monitors, P-TRAK and DustTRAK DRX.
Introduction
Iron nanoparticles belong to 13 priority nanomaterial groups identified by the organisation for economic co-operation and development (OECD) for evaluation of their safety [1] . There is very little information about potential risks of occupational exposure to engineered nanoparticles during production and processing; therefore this is a widely debated issue. Studies on the effect of occupational exposure to engineered iron oxide nanoparticles have yet to be published [2] and no biological exposure tests have been developed to monitor workers' exposure [3] . Similar to all nanoparticles, iron oxide nanoparticles are associated with unique physicochemical properties that facilitate their use in novel applications. On the other hand, nano-scale particles with large surface area and enhanced reactivity can more readily diffuse across biological membranes and through tissue barriers. Based on experimental data, humans exposed to engineered nanomaterials could have oxidative damage in their respiratory system and in other organs due to systemic effects [3, 4] .
Iron oxide nanoparticles, including Fe 2 O 3 and Fe 3 O 4 , are found naturally in the environment during volcanic eruptions. In addition, they can be found in vehicle and industry emissions and air pollution particulates. They are also chemically synthesized for a wide variety of applications. For example, they are present in paint, ink, rubbers, plastics, cosmetics, and in medical devices [2] .
Occupational exposure to iron oxides occurs during pigment production. These pigments have pure consistent properties and tinting strength. Ilmenite (FeTiO 3 ) is a steel-grey titanium-iron oxide mineral that is the source of iron oxides used in the pigment production industry. Red iron oxide pigments are produced by thermal decomposition in the process of roasting and calcination. α-Fe 2 O 3 is obtained by oxidative calcination of decomposable iron compounds. The colour changes from red with a decreasing yellowish hue between 700-750 °C to red with an increasing bluish hue between 750-900 °C [5] .
Single [6] . These production processes generate high concentrations of small particles [7] .
Nevertheless, the potential adverse health effects of iron oxide nanoparticles are poorly understood and limited information on the toxicological effects of these nanoparticles exists. However, it is now known that their toxicity may differ from that of their bulk counterparts. Experimental studies suggest that iron oxide nanoparticles can be distributed in secondary organs and induce damage in biological systems [8] . After inhalation, due to their small size, nanoparticles can deposit in the lower, gas exchange region of the lungs [9] . In addition, inhalation of iron oxide particles is more likely to have systemic effects, compared with ingestion and dermal exposure [2] . Nano-sized particles can directly interact with the plasma membrane and/or mitochondria NADPH oxidases, leading to disruption of the electron transport chain and generation of superoxide radicals [10] . According to Singh [11] , iron oxide nanoparticles in cells can be degraded into Fe 2+ in lysosomes. This 'free iron' has the potential to cross nuclear and mitochondrial membranes. In mitochondria, Fe 2+ can react with hydrogen peroxide and oxygen to form highly reactive hydroxyl radicals and Fe 3+ via the Fenton reaction. The generation of hydroxyl radicals and other reactive oxygen species (ROS) can result in lipid, protein and DNA damage, leading to impaired mitochondrial function, cellular stress, inflammation, cytotoxicity, apoptosis and genotoxicity [11, 12] .
In rats, bronchoalveolar lavage and histopathology revealed decreased cell viability and lung injury following a single 4 h inhalation exposure to 640 mg m Within 24 h post-exposure, lung tissue malondialdehyde (MDA) concentration increased [13] . Inhalation of ~20 mg m −3 Fe 3 O 4 aerosol for 4 h led to interstitial inflammation and macrophage infiltration in the alveolar region [9] . However, after a mild acute exposure to Fe 2 O 3 , Sotiriou et al [14] found significantly elevated levels of ROS in the lungs and hearts of rats exposed for 5 h to 100-200 μg m −3 Fe 2 O 3 . Systemic effects, specifically hepatic and renal injury caused by oxidative stress, were observed after intraperitoneal injection of Fe 3 O 4 nanoparticles in mice. This mechanism was supported by an increase in tissue MDA and 8-hydroxy2′deoxyguanosine (8-OHdG) at doses of 20 mg kg −1 of body weight [15] . After intravenous injection of γ-Fe 2 O 3 (0.8 mg kg −1 ) in rats, inflammation in the lungs, liver and kidneys suggested small particles crossed endothelial barriers related to vascularisation and vessel permeability in these organs [4] . Similarly, in experimental studies on human cells, oxidative stress markers were elevated in lung bronchial cells, fibroblasts [10, 16] , endothelial cells [4] , and bone marrow mesenchymal stromal cells [17] following exposure to iron oxide nanoparticles.
In humans, markers of oxidative stress, MDA, 4-hydroxy-trans-hexenale (HHE), HNE, 8-isoProstaglandine F 2α (8-isoprostane) and aldehydes C 6-C 12 are used to detect lipid oxidation [18] . Nitrotyrosine (3-NOTyr) is a marker for nitration stress, 3-chlorotyrosine (3-ClTyr) is a specific molecular marker for the production of chlorinating oxidants by eosinophil peroxidase and myeloperoxidase systems in leukocytes, and o-tyrosine (o-Tyr) is an amino acid oxidation biomarker. In nuclear DNA, 8-OHdG, i.e. 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) , is the predominant form of free radical-induced oxidative lesions, similar to 8-hydroxyguanosine (8-OHG) and hydroxymethyl uracil (5-OHMeU) in RNA. Therefore, several markers of oxidative stress have been widely used as biomarkers for oxidative stress and carcinogenesis, in particular lung carcinogenesis [19] [20] [21] .
Besides occupational exposure, epidemiological studies have shown that environmental exposure to air pollution is associated with detrimental effects including disorders related to oxidative stress [22] [23] [24] . For example, MDA was suggested as a biomarker of oxidative stress in the respiratory tract in relation to air pollution exposure, and MDA and 8-OHdG were suggested as urine biomarkers for systemic oxidative stress [19, 25, 26] .
Exhaled breath condensate (EBC) is a liquid that reflects the composition of the fluid lining the airway [27] . It is obtained non-invasively from subjects after cooling of exhaled air. EBC is composed mainly of water (99.9%) and a small proportion of water-soluble and insoluble compounds. These non-volatile compounds can include small inorganic ions, large organic molecules (urea, organic acids, amino acids), proteins and macromolecules that presumably originate from the airway lining fluid in the form of aerosolized particles [28] . The analysis of EBC allows the source of biomarkers, originally formed in airways and lungs, to be tracked.
The aim of this study was to evaluate markers of oxidative stress in the EBC of workers exposed to iron oxide nanoparticles during iron oxide pigment production and their association with workplace environments.
Methods

Subjects
After work-shifts, EBC and urine samples were collected in 14 workers (males, 43 ± 7 years, 43% smokers). Their mean length of exposure to iron oxides was 10 ± 4 years. The control group was composed of 14 males (39 ± 4 years, 50% smokers), who were not employed in this factory and were not exposed occupationally to dust or other health risks (safety inspectors and office workers). Both groups were examined according to the following scheme: a physical examination, a standardized questionnaire with questions on personal and occupational history, treatments, dietary habits, smoking habits and alcohol intake.
EBC samples were collected using Ecoscreen Turbo (DECCS, Jaeger, Germany). All subjects breathed tidally for about 15 min through a mouthpiece connected to a condenser (−20 °C) while wearing a noseclip. A constant volume of exhaled air of 120 L was maintained using EcoVent device by Jaeger, Germany, and time of collection was about 15 min. All samples were immediately frozen and stored at −80 °C.
Ethics
The study was conducted according to the Declaration of Helsinki. The Ethical Committee of the 1st Medical Faculty, Charles University approved the study.
Analysis of oxidative stress markers in EBC and urine
MDA, HNE, HHE, 8-isoprostane, aldehydes C 6 -C 12 , 8-OHdG, 8-OHG, 5-OHMeU, o-Tyr, 3-ClTyr and 3-NOTyr were analysed after solid-phase extraction (SPE) by liquid chromatography-electrospray ionization-tandem spectrometry (LC-ESI-MS/ MS) using deuterium-labelled internal standards, as previously described [29, 30] . Conductivity was measured as a reference indicator in EBC dilution to take into account changes in respiratory solute concentration [31] . To exclude contamination of EBC by saliva, α-amylase concentration was determined [31] . In addition, pH has been measured [32] . Biomarker concentrations in urine samples were normalised to urinary creatinine concentration [33] . Furthermore, all samples were blinded to personnel involved in sample analysis.
Workplace aerosol measurements
Pilot measurements of total particle concentrations were determined to construct concentration maps, localize main aerosol sources and determine locations of high iron oxide pigment. Total particle number and mass concentrations were mapped using P-Trak ® Ultrafine Particle Counter 8525 (P-TRAK) (TSI Inc., Minneapolis, USA) and DustTrak ™ DRX Aerosol Monitor 8533 (DustTrak) (TSI Inc., Minneapolis, USA), respectively.
For the 8-h shift samples, three locations were selected: (1) the calcination furnace, (2) drying units, and (3) the control room. These three locations were selected because workers frequently worked there. The aim of these measurements was to determine changes in particle size distribution during shifts to estimate workers' exposure to airborne particulates.
The instruments used were two aerosol size spectrometers, a Scanning Mobility Particle Sizer ™ (SMPS) model 3936 L (TSI Inc., Minneapolis, USA), and an Aerodynamic Particle Sizer ® Spectrometer (APS) model 3321 (TSI Inc., Minneapolis, USA). The aerosol spectrometers sampled synchronously with a 5 min time resolution, covering overall particle diameters from 15 nm-10 μm, and with a size resolution of 32 channels/decade. As the particle size distributions (PSDs), measured by SMPS and APS, overlapped in the size range of 0.5-1 μm, the total particle number and mass concentration determined as a sum of these two instruments had to be corrected for this overlap. Without this correction, the error in total concentration would have been 10-25% of total concentration, depending on the distribution shape.
At the beginning of the work-shift, the SMPS and APS were placed at one of the preselected locations, usually several meters away from manufacturing equipment and preferably at a location where workers walked by. After performing routine spectrometer checks, the SMPS and APS were left unattended while samples were continuously collected during 8-h shifts. For each shift, spectrometers were moved to different locations.
During measurements, random checks were performed to compare total particle number concentrations determined by SMPS and APS with P-TRAK values (the differences between averaged values never exceeded 20%). Similarly, PM 10 mass concentrations determined by DustTrak were compared with the PM 10 integrated from the combined SMPS and APS data (particle density was assumed to be 5.24 g cm −3 ). Workers spent the majority of their time in the control room with a closed door. The second most frequented area was near the calcination furnace, which emitted particles.
Raman spectra of dust sediment from the production process
Five samples of dust sediment on the workshop floor were collected from different stages of production, i.e. calcination, milling and drying during the production of different pigments (red, yellow and brown) and analysed by Raman microspectroscopy using the Smart Raman Microscopy System XploRATM (HoribaYvonJobin, France). Raman spectra were acquired with a 532 nm excitation laser source and 1200 grooves mm −1 grating. Multiple parts of the samples were chosen for further analysis.
Environmental air contamination
Air concentrations of SO 2 , O 3, nitrogen oxides (NO x ), particulate matter (PM) 2.5 and PM 10, recorded on hourly basis were taken on the same days workers were examined. The value related to the same hour when the post-shift and control EBC samples were obtained. Air concentrations were obtained from the National Hydrometeorological monitoring system at the closest stationary monitoring station. In the case of workers, the distance to the site of EBC collection was 1.6 km, and in controls the distance was 1.5 km. The following analytical methods were used: UV-fluorescence (SO 2 ), chemiluminiscence (NO x ), UV-absorption (O 3 ), and an optoelectronic method (PM).
Statistics
Basic descriptive statistics (mean, median, confidence interval, standard deviation, skewness, and kurtosis) were computed for all variables, which were subsequently tested for normality using the Kolmogorov-Smirnov test. The chi-square test was used to compare frequency counts of demographic categorical variables (smoking, and alcohol consumption) in groups of workers versus controls. Differences in interval demographic variables were tested using independent-groups t-test (for normally distributed variables) and the Mann-Whitney U test (for non-normally distributed variables). The independent-groups t-test was used for workers versus controls. The bivariate relationship between variables under study was assessed using the Spearman correlation coefficient. Statistical significance was set at p < 0.05. Multiple regression analysis was used to predict markers of oxidative stress in EBC by a set of predictors (Fe exposure-yes/no, age, smoking-yes/ no, alcohol consumption -yes/no, BMI, SO 2 , NOx, O 3 ). All analyses were conducted using SPSS version 22.0 (SPSS, Inc., Chicago, IL).
Results
Subjects
There were no differences in age, BMI, prevalence of smoking and alcohol consumption in the groups studied (all p > 0.05, data not shown). Only aldehyde C 12 was not increased. There was no difference in EBC conductivity and pH (5.40 ± 0.17; 5.30 ± 0.08) between workers and controls, respectively. There was no difference between the pH of the smokers and controls, either.
In workers, no positive correlation was found between EBC markers and age, lifestyle factors (smoking, alcohol intake) and presence of disease including rhinitis and chronic bronchitis. No correlation was found between the presence of markers (both EBC and urine) and sample collection time.
On the other hand, markers of oxidative stress in urine were not significantly different in workers and controls. Slightly elevated levels of C 6 , C 7 and C 9 in workers did not reach statistical significance. However, correlations were observed between several EBC and urine markers of oxidative stress. Among them, MDA, C 6 and C 9 urine concentration correlated with EBC lev- Aldehydes C 6 -C 12 in the exhaled breath condensate (EBC) in iron oxides exposed workers and controls. The symbols ***, **, denote the significance levels of data equivalency gained from the workers and controls. *** (p < 0.001) **(p < 0.01). The bars denote the confidence levels (p = 0.05). els of the same markers. Additionally, C 6 in EBC correlated with HNE, C 7 -C 10 , and OHdG in urine, and C 9 in EBC correlated with all other urine markers (p < 0.05).
Workplace aerosol measurements
Total workshop aerosol concentrations varied greatly in both time and space. Median mass concentration in the production unit of the plant was 0.083 mg m )). However, the calcination furnace had a higher particle number concentration (86 100 particles cm −3 (IQR 80 000-103 000 particles cm −3 )) than the drying unit (15 900 particles cm −3 (IQR 13 000-22 700 particles cm )) but an average particle number concentration (34 100 particles cm −3 (25 900-42 800 particles cm −3 )). Median particle size distributions (during one work-shift) at each of the three locations (control room, calcination furnace and dryer) were measured by SMPS (figure 3) and APS (figure 4) spectrometers.
The highest particle number concentrations measured by SMPS (14-710 nm) were found near the calcination furnace, where the highest value ~3 × 10 5 particles cm −3 was found at smallest detectable particle sizes. This suggests there were many particles smaller than 14 nm at this location. This corresponds to a gas-to-particle conversion process whereby gaseous precursors react to form less volatile reaction products that condense to form new particles. At the calcination furnace, particle number concentration decreased as particle size increased. The concentration of 55 nm particles at the calcination furnace was lower than in the control room and correspondingly, the concentration of particles >70 nm was lowest at the calcination furnace. Surprisingly, in the accumulation peak at ~100 nm, the highest particle number concentration (~5 × 10 4 particles cm −3 ) was found in the control room. This indicates that there was a separate source of accumulation peak particles and these particles were not transferred to other parts of the production plant. We can only speculate about the nature of these particles. The lowest concentrations were found at the dryer with a maximum concentration of approximately 2 × 10 4 particles cm −3 . The PSD was broad and flat with two detectable peaks at 30 and 70 nm that likely reflected particles that were transported from other parts of the production plant; however these peaks were not much higher that of background (ambient air).
Median particle number size distributions determined by the APS spectrometer (0.5-10 μm) are shown in figure 4 . All three PSD were decreased as particle size increased. The highest particle number concentrations were found at the dryer and were ~2 × higher than corresp onding concentrations at the calcination furnace. The PSD with the steepest curve was from the control room and the smallest APS size was ~2 × higher than at the dryer. These particles likely came from the same source as those from the upper size of the spectra measured by SMPS ( figure 3) . At the right end of the particle size axis in figure 4, control room PSD was more than an order of magnitude lower than at the dryer and in the calcination furnace area. The explanation for the much steeper decline of the PSD is simple: the surface to volume ratio of the control room was by far the highest of all three locations; therefore, the deposition of particles on surfaces was greatest.
It is worth noting that at any part of the plant, the medium dust concentration did not exceed the national allowed concentration of 10 mg m −3 for inert dust.
Raman spectra of dust sediment
Raman spectra of dust sediment samples are shown in figure 5 . 
Environmental air contamination
The level of air pollution with SO 2 , NOx, O 3 , PM 2.5 and PM 10 at both sites was classified by the National Hydrometeorological monitoring system as very low or low (data not shown). No values exceeded the recommended limits.
Association of EBC markers with occupational exposure
The multiple regression analysis confirmed a significant association between occupational exposure and the concentration of all markers of oxidative stress in EBC, as shown in tables 1-3. Age, BMI, lifestyle and environmental parameters were not positively associated, with the exception of O 3 with HNE and 8-isoprostane. Surprisingly, some markers of environmental pollution were negatively correlated with EBC markers, for example with SO 2 with 8-isoprostane, C 6 , C 8 , C 9 and 8-OHG. Table 2 . Multiple regression analysis (regression coefficient and 95% CI) of Fe oxides exposure, age, smoking, alcohol, BMI and environmental air contamination and aldehydes C 6 -C 11 in the exhaled breath condensate. 
Discussion
To the best of our knowledge, this study examining oxidative stress markers in iron oxide workers exposed to nanoparticles is the first of its kind in the occupational medicine field. Although workers did not complain of any symptoms, the presence of oxidative stress markers in the EBC of workers compared with controls shows a biological effect of nanoparticle exposure. In a recent review, Lewinski et al [2] analysed results from both occupational exposure studies and controlled human volunteer inhalation studies. However, no occupational study focused on nanoparticle exposure. Additionally, these studies had poorly defined criteria for iron oxide aerosol exposure. In the volunteer studies, Fe 2 O 3 or Fe 3 O 4 iron oxide particles with diameters ranging from 1-6 μm were used. Volunteer inhalational studies confirmed two phases of clearance: a fast phase (several days) representing mucociliary clearance in the tracheobronchial tree, and a slow phase (several years) representing macrophage clearance in the alveolar region. This is in agreement with the slow disappearance (reduction in size and profusion) of x-ray opacities in welders due to the recovery of retained iron oxide particles. Welding fumes are classified as possibly carcinogenic for humans (group 2B) by the International for Research on Cancer (IARC) [35] . It is important to mention that welding leads to the formation of nanoparticles and iron represents about 80-95% wt% of welding fumes. However, co-exposure with known carcinogens, such as asbestos, chromium ad nickel may be the most plausible explanation for the elevated cancer risk in welders.
Our study suggests adverse biological effects from inhalational occupational exposure to aerosol containing a high proportion of nano-sized iron oxide particles. This study supports our data from a pilot study where workers were exposed to nano-aerosol during titanium oxide (TiO 2 ) white pigment production. The results showed that markers of lipids, protein and nucleic acid oxidation were highly elevated (p ˂ 0.001) in the EBC of workers both pre-shift and post-shift [36, 37] . It was also found that the elimination of TiO 2 particles from airways was rather slow, as they were still present in 40% of pre-shift EBC samples from workers, i.e. from the previous shift or shifts [38] . Also many experimental studies using TiO 2 particles document the biological effect of their nano form [39] .
Iron oxides and TiO 2 both have low solubility and in the bulk form, they have a low systemic toxicity in humans. In nano iron oxide workers, oxidative stress markers in EBC were elevated; however, the total mass concentrations did not exceed the permissible exposure limit (PEL) for iron oxide particles, the occupational safety and health association (OSHA) limit for iron oxides fumes (10 mg m −3 time weighted average TWA concentration) [40] or the National Institute for Occupational Safety and Health (NIOSH) recommended exposure limit of 5 mg m −3 TWA [41] . The limits, however, have not been designed for iron nanoparticles.
Additionally, it should be mentioned, that oxidative stress and inflammation markers in EBC were elevated in patients previously exposed to carcinogenic inorganic dusts [29] , silica [42] and asbestos [43] which can contain up to 30% iron [44] .
Urinalysis of oxidative stress markers was also performed in this study to evaluate potential systemic effects of iron oxide nanoparticles. The negative urinalysis results suggest there were likely no systemic effects. Studies on the effects of environmental pollutants have been described by Gong [25, 26] . After the Beijing Olympics, it was found that gaseous pollutants, such as SO 2 , were associated with elevated MDA and 8-OHdG levels in EBC and urine samples of inhabitants on the same day.
In our study, we did not found environmental air pollution to be an important factor because PM 2.5 concentration, for instance, was about 10 × lower compared with the results from the study by Gong et al [26] . Still, two markers, 8-isoprostane and HNE showed an effect of O 3 and SO 2 in the multiple regression analysis; however it was not stronger than the effect of occupational exposure. Therefore, these markers do not appear to be the best predictors of the effect of nano Fe oxides.
One limitation of this study was the low number of subjects, due to a small number of workers in the factory. Even with this limitation, results in this study were still statistically significant at a 95% confidence interval. Another limitation was the fact that the chemical analysis of aerosol samples was not performed. Therefore, dust sediment samples were analysed by Raman microspectrometry to confirm the purity of the iron oxides dust.
Conclusions
To the best of our knowledge, this is the first study to examine oxidative stress markers in EBC and urine in workers exposed to nano iron oxides. The potential adverse effects of nanoparticles on human health are not well understood and research on this subject is a priority for the OECD, NIOSH and European Agency for Safety and Health at Work [45] . The importance of this type of research is high not only for the construction and coatings industries where iron oxide nanoparticles are produced in the process of pigment production, but also for industries that produce fertilizers, catalysts, magnetic materials, biomedical imaging materials and therapeutic agents.
Exposure to iron oxide nanoparticles has been extensively studied in rodents and results show that oxidative stress and inflammatory responses occur after exposure; however, no human studies have been conducted. The elevation of oxidative stress markers in EBC is in agreement with experimental data and with mechanisms of oxidative stress, based on epidemiological studies on major sources of carcinogenesis [46] . Based on our urinalysis results, iron oxide particle exposure did not result in systemic effects. However, this may be dependent on the level of iron oxide particle exposure.
The presence of lipid, nucleic acid and protein oxidation biomarkers in the EBC of workers expanded our understanding of the effect of nanoparticle inhalation in humans. To evaluate the elimination of iron oxide nanoparticles from the human body, we are currently using Raman microspectroscopy and transition electron microscopy to further analyse EBC and urine samples.
Using the precautionary principle, all exposed employees, including research workers who are directly exposed to iron oxide nanoparticles should be monitored for potential side effects. EBC collection and analysis is a non-invasive method for monitoring effects of respiratory system nanoparticle exposure and should be evaluated in parallel with periodic physical examinations.
